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Classical plasma with any degree degeneration of electronic gas is considered. In 
plasma two external electromagnetic field are propagation. It is required to find 
the plasma response on these fields. From kinetic Vlasov equation for collisionless 
plasmas distribution function in square-law approximation on sizes of intensivities 
of two electric fields is received. 

The formula for calculation electric current at any temperature (any degree of 
degeneration electronic gas) is deduced. This formula contains an one-dimensional 
quadrature. 

It is shown, that the nonlinearity account leads to occurrence the longitudinal 
electric current directed along a wave vector. This longitudinal current is perpendicular 
to known tranversal classical current, received at the linear analysis. 

The case of small values of wave number is considered. Graphic comparison 
of dimensionless size of the current depending on wave number and frequency of 
oscillation of the electromagnetic fields is carry out. 


BBE^EHME 

B HacT 05 imeH pa6oTe bbiboahtch 4)opMyjiBi bbithcjibkhsi sjieKTpHTe- 
CKoro TOKa b SeccTOJiKHOBHTejiBHOii njiasMe OepMH— ^UnpaKa. 

ripH pemeHHH KHHeTHTecKoro ypaBHeHH5i BjiacoBa, onncBiBaioinero noBe- 
,z],eHHe njiasMBi, mbi yTHTBrnaeivi kbk b pasjio^KenHH 4)yHKii,HH pacnpeflejieHH5i, 
TaK H B pa3JIO>KeHHH BejIHTHHBI CaMOCOBJiaCOBaHHOrO SJieKTpOMarHHTHOrO 
noji5i BejiHTHHBi, nponopifHOHajiBHBie KBa^paTaM Hanp5i>KeHHOCTeH BneniHHx 
sjieKTpHTecKHx nojieii h hx npoHSBefleHHio. 

ripH TaKOM HejiHHeiiHOM noflxofle OKasBmaeTcsi, tto sjieKTpHTecKHH tok 
HMeeT flBe HenyjieBBie KOMnoneHTBi. O^na KOMnoneHTa sjieKTpHTecKoro Toxa 
HanpaBjieHa b^ojib HanpsixceHHOCTH sjieKTpHTecKoro noji5i. Btb KOMnoneHTa 
sjieKTpHTecKoro noji5i totho Taxasi xce, xax h b jiHHeftHOM anajiHse. 3to "no- 
nepeTHBffl" tok. TaKHM oGpasoM, b jiHHeHHOM npnGjiHxceHHH mbi nojiyTaoM 
HSBecTHoe BBipaxcenne nonepexHoro sjieKTpHTecKoro TOKa. 


BTopaH HenyjieBaH KOMnoneHTa sjieKTpHHecKoro TOKa HivieeT BTopoH no- 
pHflOK MajIOCTH OTHOCHTejIBHO BejIHHHH Hanp5I>KeHHOCTeH SJieKTpHHeCKHX no- 
jieii. BTopaH KOMnoneHTa sjieKTpHHecKoro TOKa HanpaBjieHa b^ojib bojihobo- 
ro BeKTopa. 3 tot tok opToronajieH nepBOii KOMnoneHTe. 3 to ''npoflOJiBHBiii'' 
TOK. 

riosiBjieHHe npoflOJiBHoro TOKa Bbi5iBji5ieTC5i npoBefleHHbiM HejiHHeiiHBiM 
anajiHSOM BsaHMOfleiicTBHsi sjieKTpoiviarHHTHBix nojieii c njiasMoii. 

HejiHHeiiHBie 34)4)eKTbi b njiasMe nsynaiOTCsi yxce ^jiHTejiBHoe BpeM5i [T]- 

H 

B paGoTax [1] h j3| HsyHaiOTCsi HejiHHeiiHbie 34)4)eKTbi b njiasivie. B pa- 
60 Te |E] HejIHHeHHblH TOK HCnOJIbSOBajICH, B KaCTHOCTH, B Bonpocax Bep05IT- 
HOCTH pacnaflHbix npopeccoB. Otmothm, kto b paGoTe |2] yKasbiBaoTCH na 
cymecTBObaHHe HejiHHeiiHoro TOKa b^ojib bojihoboto BOKTopa (cm. (]3opMyjiy 
(2.9) H3 |2]). 

KBaHTOBasi njiasMa Ksynajiacb b paGoTax H- mi. CTOJIKHOBHTejIBHaa 
KBaHTOBasi njiasMa nanajia HsyKaTBCH b paGoTC MepMHHa [H]. Bbtcm KBan- 
TOBaa CTOJiKHOBHTejibHa55 HjiasMB HsyKajiacB B HaniHx paGoTax [I5]“ [IB] - Ha- 
MH HsyKajiacB KBanTOBasi CTOJiKHOBHTCJiBHasi njiasMa c nepcMCHHOH nacTO- 
TOH CTOJIKHOBCHHH. B paGOTaX HSI-IZII Gbijio HCCJiCflOBano renepHpoBaHHe 
npOflOJIBHOrO TOKa nOnepCKHblM 3JieKTpOMarHHTHbIM nOJICM B KJiaCCHKCCKOH 
H KBaHTOBOH BJiaSMC OcpMH—^HpaKa [in|, B MaKCBCJUIOBCKOH BJiaSMC {20] H 
B BbipOXCfleHHOH BJiaSMC |2l| . 

VKaxccM eipe na psifl paGoT no njiasMC, b tom nncjie n KBanTOBon. 3 to 
paGoTbi [B|- [T3] . 

B HacT05im,eH paGoTC BbiBO^nTcn 4)opMyjiBi BbinncjiCHnn ojieKTpnne- 
CKoro TOKa b GeccTOJiKHOBHTejiBHon njiasMC npn nponsBOJibnon TCMnepaTy- 
pe, TO-ecTB npn nponsBOJibnon CTcnenn BbiponcflCHnn ojieKTponnoro rasa. 

1 yPABHEHME BJIACOBA 

rioKaxccM, KTO B cjiynac KjiaccnnecKon njiasMbi, onncBmaeMon ypaBnenn- 
CM Bjiacoba, renepnpyeTcn npoflOJiBHbin tok h BbinncjiHM ero njiOTHOCTb. Ha 
cyLpecTBOBanne 3Toro TOKa yKasbmajiocb Gojiee nojiyBCKa TOMy nasafl [2|. 

Bosbmcm ypaBHcnne BjiacoBa, onncbmaiorpee noBCflenne Gccctojikhobh- 
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TejibHOH njiasMbi 


df , df 


dt 


+ V 


dr 


+ e Ei + E2 + -[v,Hi + H 


c 




0 . 


(1.1) 


B ypaBHeHHH (1.1) / - 4)yHKii,H5i pacnpeflejieHH5i sjieKTpoHOB njiasMbi, 
Ej,Hj [j = 1,2) - KOMnoHeHTbi sjieKTpoiviarHHTHoro noji5i, c - CKopocTb 
CBBTa, p = mV - HMnyjIbC SJieKTpOHOB, V - CKOpOCTb SJieKTpOHOB, 4)yHKIl,H5I 
pacnpeflejieHHH sjieKTpoHOB OepiviH—^Hpaxa, = /eg(r, -y) (eq= equilib¬ 
rium) — jioKajibHO paBHOBecHoe pacupeflejieuue Oepiviu—^upaua, 


/eg(r,u) = 


1 -H exp 


£ — fi{r 

ksT 


-1 


= [l + exp(p2 - a(r))] ^ = /eg(r, P) 


£ = mu^/2 - suepruu sjieKTpouoB, fi - xHMHuecKHu uoTeupuaji sjieKTpoHuo- 
ro rasa, ks - uocTOuuuau BojibpMaua, T - ueivinepaTypa ujiasMbi, P = P/pr 
- bespasMepubiH uMuyjibc sjieKTpouoB, px = vt - TeujioBau CKopocTb 

sjieKTpoHOB, Vt = y/2/c^r/m, a = p/{kBT) - bespasMepubiii xuiviHuecKHu 
uoTeupuaji, ksT = 8 ,t = 'mv^/2 - TeujioBau KUHeTuuecKau suepruu sjiex- 

TpOHOB. 

Huxce uaM noHaq,o6HTC5i abcojuoTuoe pacupeflejieuue OepMu—^upaxa /o(u), 

£ — -1 


foiv) = 


1 -H exp 


kBT \ 


= [l + exp(p2 - a)] ^ = /o(P), 


ByfleM cuHTaTb, uto b ujiasivie uivieeTCu sjieKTpoMaruuTHoe nojie, upe^- 
CTaBjiuiOLpee coGou GeryipyK) rapMOHuuecKyio BOJiuy: 


E, = H, = j = 1, 2. 


0j< 


BjieKTpuuecKoe u MaruuTHoe nojiu CBusaubi iviexcfly coGou uepes BexTop- 
HbiH uoTeupuaji nojiu: 

^ 1 dAj icoj , ^ 

Ej =-—^ = — -Aj, Hi = rotAi, 7 = 1 , 2 . 

^ c dt c ^ J ^ 

ByfleM cuHTaTb, uto BeKTopubiii uoTeupuaji ojieKTpoMaruuTHoro nojiu 

Aj{rp) opTorouajieu BOJiuoBOiviy BexTopy kj, T.e. 


kj-A/r,^) = 0, J = l,2. 


9to suauHT, UTO BOJiHOBOH BOXTop kj opTorouajieu ojiexTpuuecxoMy u Mar- 
HHTHOMy uojium: 


kj ■ E^(r, t) = kj ■ Hj(r, t) = 0, j = 1, 2. 
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onpeflejieHHOCTH Gy^eivi CHHTaTb, hto BOJiHOBbie BeKTopbi oSenx no- 
jieii HanpaBjieHbi B^ojib och x, a sjieKTpoiviarHHTHbie nojiH HanpaBjienbi BflOJib 
OCH T.e. 


kj = kj{l, 0 , 0 ), Ej = Ej{x,t){ 0 ,l, 0 ). 
C jie^OBaTejibHO, 


E. 


1 dAj iuj . 

= —A 


c dt 


c 


j’ 


Hj = ^Ej ■ ( 0 , 0 , 1 ), [v, H,.] = itEj ■ (vy, -V,, 0 ), 


UJ 


UJ, 


E, = E,{x,t) = Eo,e*^'‘>^-^’‘'i (j 


1 . 2 ). 


eA + -[v,H,]W = -£;,- 


dp ujj 


Of 


df 


o (^j kjVx) p. , 

'dpy\ 


a TaK>Ke 


xTi ^/o n 

V,ll h^ = 0 , TaK KaK t:— ~ V. 

■' dp dp 


YpaBHeKHe ( 1 . 1 ) MO>KeT 6 biTb nepenHcano b bh^b 

2 

, ^ r -I- P. 

dt dx 


df ^ df ^ df df 

+ Vx^ + e > ^ — kjVy- - h [ujj - kjVx)^ 

ti'r- UJj L dpx dpy} 


0 . ( 1 . 2 ) 


ByfleM HCKaTb pemeHne ypaBHeHHH ( 1 . 2 ) b bh^b 

/ = foiP) + /i + /2, 


BflB 


fi = Eipi + E 2 P 2 , 

h = El'tpi + Elip2 + EiE2rpi)- 


( 1 . 3 ) 

( 1 . 4 ) 

( 1 . 5 ) 


2 BEPBOE nPHBJlH>KEHHE 

ByflBM flBHCTBOBaTb MBTOflOM nOCJIBflOBaTBJIBHblX npHSjIHXCBHHH, CHHTaSI 
MajIbIM napaMBTpOM BBJIHHHHy Hanp5I>KBHHOCTH SJIBKTpHHBCKOrO nOJI5I. To- 
r^a ypaBHBHHB ( 1 . 2 ) C nOMOmblO ( 1 . 3 ) SKBHBajIBHTHO CJIB^yiOmHM ypaBHBHH- 
5IM 
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H 


df2 , df2 _ 

dt dx 


2 



j=l 


UJj L 






+ (^j 



■ 


( 2 . 2 ) 


Ms ypaBHeHHH (2.1) nojiynaeM 


[Ei{-iuji + z/cii;^)(/?i + E2{-iuJ2 + = 



BBefleM GespasMepHBie napaivieTpBi 

VL = Q- = -^. 

/cj’t'r ’ ^ kx 

SflecB qj - GespasMepHoe bojihobob hhcjio, kr = —^ - TenjioBoe boji- 

/1 

HOBoe HHCJio, Qj - GespasMepnaH nacTOTa KOJieGaHHH sjieKTpoiviarHHTHoro 
noji 5 i Ej. 

B ypaBHeHHH (2.3) nepeiifleM k GespasiviepHBiM napaivieTpaivi. B pesyjiBTaTe 
nojiynaeM ypaBHenne 


i[Ei{qiP^ - Qi)ipi + E2{q2Px - ^2)^2] = 
2 


_ Y^\q-P^+(n -q P 


SaMBTHM, HTO 


dfo 

dP. 


dfo 


~ Pxj ttft ~ Py 


dP, 


CjIBflOBaTBJIBHO 


qiPy^+i^l-QlPx)^ 
^dPx ^ ^ ^ ’dPy 


= n-^ 

^dP 


y 


H ypaBHBHHB (2.4) ynpoinaBTC5i: 

i[Ei{qiPx - Qi)(pi + E2{q2Px - ^ 2 )</? 2 ] = 

dfo 


kxPx'^T 


(El + E2) 


ap, 


(2.4) 


(2.5) 
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Ms ypaBHeHHH (2.5) naxo^HM, hto 

ie dfodPy 


ify = 


krPrVT QjPx-^j' 
Tenepb hs ypaBHeHH5i (2.6) HaxoflHM, hto 


2 = 1 , 2 . 


(2.6) 


/i = 


le 


kj^PT^T 


E, 


+ 


E, 


(pPx Hi Q2Px H 


dfo 

dP, 


(2.7) 


3 BTOPOE nPMBJlM>KEHME 


riepeftfleM ko BTopoiviy npnSjiHxceHHK). B jieByio hbctb ypaBHeHHH (2.2) 
noflCTaBHM (1.5). 

/2 = E^ljji + E2'lp2 + EiE2'lJjo. 
riojiyHHM ypaBHeHHe 

{El{-2iLJi + 2ikiVx)'ipi + El{-2iuj2 + 2ik2Vx)'il^2+ 
+EiE2[-i{<jJi + CJ2) + i{ki + k2)vx]'iljQ] = 


eEi \.dfi dfi 

k\Vy- -h (t^i - kiVx) 


CJi L ^dpa 


eE2 


dpy} UJ2 L ^dp: 


k2Vy^^ + (CJ2 - k2Vx) 


dpyl 


riepeftfleM b stom ypaBneHHH k GespasMepHBiM napaivieTpaM h BBe^eM 
0603HaHeHH5I 

Qi P Q2 ^ Hi + H 2 

q= -, U = -. 

2 2 

riojiyHHM ypaBHeHHe 

2i\El{qiPx - Hi)V^o + E|(g2 - H2)^2 + EiE2{qPx - 



ie^ El \ d 

, 2^2 ,,2 ■ o 1 EPy\ 


k^p^v^ H 


1 


'dPx 


9fo 

QiPx Hi q2Px H 22 dPy 


El ^ E2 


+ 


+ (Hi — qiPx) 


d 


dP. 


9fo 

qiPx H^ q2Px H 22 dPy 


El ^ E2 


^e‘^ E 2 \ d 
TT ■ \ (l^Py 


ktptvt H 2 I ^dPr^ 


El ^ E2 


+(H2 — q2Px) 


d 


dfo 

QlPx Hi Q2Px ^2'^ dPy 

El , E2 ^ 


+ 


giP^-Hi q2Px-^2^ dP, 
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ripeoSpasyeM npe^biflymee ypaBHenne 


El{qiPx - + El{q2 - ^2)'^2 + EiE2{qPx - = 




24^14^1 ^ ydPx\qiPx-ni 

d / df^ldPy \ d^fo 


E 1 E 2 

Qi 

E 1 E 2 

ilo 


M 


qiPy 


(l2Py 


dPx \q2Px - ^2 


dp2 

y 


dp2 

y 


+ 


+ 


d fdfo/dPy\ ni-qiPx d^fi 


dPx \q2Px -^2^ q2Px - ^ 


+ 


dp2 

y 


+ 


q2Py 


d f dfo/dPy \ ^2-q2Px d^fo 


dPx \qiPx - Hi/ qiPx - n 


+ 


dp2 

y 


Ms SToro ypaBHeHHH HaxoflHM 


^1 = 


'Ip2 = 


2/c44r^i qiPx ~ ^ 1 ’ 

.2 


‘2krriPrpVrri^2 ^2-^0: ^2 


^0 = 


2k‘ipt^v. 


j.p‘^V^ 


jrpj^rj^ KJrp\. 

1 si,(p: 

Qi qPx — Q Q 2 qPx ~ ^ 


1 

+ 7 ^ 


-21 


r^e 


aVo 


■ rp-\ = „ P JL( 

^dpSqjP.-^l 


dp2^ 

y 


^12 


-21 


(P) 


= / dk/dPy \ ^ - qiPx _ 


dPx\q2Px-^2J q2Px-^2 dPl 

= q^p / dfo/dPy \ ^ ^2 - ^ 2 ^ 0 ; _ 4 ^ 


(3.1) 

(3.2) 

(3.3) 


^dPx\qiPx-nJ qiPx-n, dPf 

OyHKii,H5i pacnpeflejieHH5i bo BTopoM npHSjiHxceHHH no nojiio nocTpoena 
H onpeflOJineTcn paBoncTBOM (1.3), b KOTopoM 4)yHKi[,H5i fi onpeflOJineTcn 
paBOHCTBOM (1.4), a 4)yHKL[,H5i /2 onpeflOJineTcn paBoncTBaMH (1.5) n (3.1)- 
(3.3). 
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4 nJlOTHOCTb nOnEPEHHOrO 3JlEKTPMHECK0r0 
TOKA 


HafifleM njioTHOCTb sjieKTpHHecKoro TOKa 

i = e = f fPd^P (4 1) 

■’ J ■'(2nhY {2whfj^ ^ ' 

Ms paBencTB (1.3)-(1.5) h (4.1) bh^ho, hto BeKTop njiOTHOCTH TOKa HivieeT 
flBe HenyjieBbie KOMnoneHTbi 

j (A) jyi 0 ) • 

Sflecb jy - njiOTHOCTb nonepe^Horo TOKa, - njiOTHOCTb npoflOJibHoro 
TOKa, 


f 2d^p f 2d^p e2plvT ^ ^ ^3 d 
Jy = e Vyf—^^ = e I / fiPyd P- 


{27rhy 


{2TihY {2TifiY 


f 2d^p f 2d^p e2plvT ^ ^ ^3 d 

CorjiacHO (4.2) b 5ibhom bh^o nonepeKHbiH tok paBen: 

2ie^py f / E^ E‘ 


(4.2) 

(4.3) 


h ~ 


_r_^ p (f p. 

{2TihYkTPT J ^qiPx - Pi q2Px - P2^ dPy ^ 


(4.4) 


9tot tok HanpaBjiOH b^ojib ojiOKTpoMarHHTHoro noji5i, ero njiOTHOCTb 
onpefleji5ieTC5i tojibko nepBbiM npnGjiHiKeHHeM cJiyHKpHH pacnpeflOJieHHsi. 

BTopoe npH6jiH>KeHHe cJiyHKpHH pacnpeflOJieHHH BKjiafl b njiOTHOCTb no- 
nepoKHoro TOKa ho bhocht. 

YnpocTHM (]3opMyjiy (4.4). SaivieTHM, kto BHyTpoHHHH HHTerpaji no nepe- 
MennoH Py paBon: 

(X) 

dh(P) 


P _ L^p = 

" dP. " 


= PyhiP) 


— OO 

Py= + O0 OO 


y 


Py— OO _QQ 


- / MP)dPy = - I h(P)dPy. 


(4.5) 


— CX) 


CjieflOBaTejibHO, nonepennbiH tok paBon: 

2ie^p‘y f ( E^ Eo 


h 


{27rh)^k' 


T 


q\Px Pi q2Px P/ 


h(P)d^P 



















BnyTpeHHHH HHTerpaji b njiocKOCTH [Py^Pz) bbihhcjihm b nojiapHBix ko- 
opflHHaTax: 



fo(P)dPydPz = TThi(\ + e“ 


(4.6) 


—oo —CX) 


Tor^a nojiyHaeM, hto 


2'Kie^p\ 

{27ThykT 


OO 


h 


E^ 


+ 


E, 


ln(l + (4.7) 


QlPx Q2 Px ^2 


5 nJlOTHOCTb nPO^OJlbHOrO 3JlEKTPMHECK0r0 
TOKA 


riepeftfleM k HccjieflOBaHHio npoflOJiBHoro Toxa (4.3). 

C noMomBK) pasjioxceHHH (1.5) npeflCTaBHM npoflOJiBHBiH tok b bh^b Tpex 
cjiaraeMbix: 

Jx = ji+ J2+ jo- (5.1) 


Sflecb 


'■ ■ ' w / 

42 = f P^i„d^p, 


Jo = E 1 E 2 


{27ThY J 
2epTVT 


Pxjjod^P. 


{27Thy J 

llpeflCTaBHM cocTaBjiHiomHe npoflOJiBHoro Toxa paBexcTBa b hbhom BH^e: 


Ji 


Ji = 


e^prEl 


{271 h)^k^VT^-\ 


^ Ei{P)Pxd^P 

qiPx - Pi 

_ ' E2{P)Pxd^P 

{27rh)^k‘^VT^2 J q2Px - p2 




Jo = 


e^PTEiE2 

{27Th)^k^VT 


1 Si2(P) ^ 1 S2i(P) 


Pi qPx ~ P P 2 qPx ~ P 


P.PP. 


(5.4) 


SaMBTHM, XTO B 3 THX BbipaXCBHHHX OflHOMBpHblH BHyTpBHHHH HHTBBpajI 
no Py paBBH nyjiK): 


JEdP -JIi 

dpr ^ ~ dp, 


Py= + 00 


= 0 , 


Py= — 00 
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a BHyTpeHHHe HHTerpajibi no Px BbinncjiniOTcn no nacnnivi: 


(X) 


a (dhldPy\ P^dP: 


oo 


J dPx ^QjPx QjPx ^ 

— CX) 

rfle j = 1 , 2 , H 

oo 

f a ( afo/aPy \ p,dp. 


= a. 


[df(,/aPy]dP, 


{qjPx 


OPx yQjPx qPx ^ 


= n 


[dh/dPy]dPx 


{q,Px-nj){qPx-ny 


CjieflOBaTejibno, npe^niflyn^ne panencTBa fljin cocTaBji5nom,nx npoflojinno- 
ro TOKa ynpom,aK)TC5i: 


^^Efprqi f Py{dfo/dPy)d^P 


Ji = 


{ 2 TihYk‘^VT J {qiPx - 


^^ElpTq 2 f Py{dfo/dPy)d^P 


J2 = 


312 


321 


{2TihYk‘^VT J {q2Px - ^ 2 )^ 

jo = 312 + j21, 

e^EiE 2 PTqi^ f Pyidfo/dPy)d^P 


{2Tlhfk‘?j.VT^l J {q2Px - ^2){qPx - 

e^E,E 2 PTq 2 ^ f Py{dfo/dPy)d^P 


{ 2 Tlhfk‘?j.VT ^2 J {qiPx - ^i){qPx - 

BnyTpennnn nnTorpaji no nepeiviennoH Py nponnnerpnpyeM no nacnnivi n 
BOcnojibsyeMcn panencTBOM (4.5). B pesyjibTaTe nojiynaeivi cjieflyK)ni,ne bbi- 
pancennn fljin cocTaBji5noni,nx cjiaraeivibix npoflojinnoro Tona: 

e^Elprqi f h{P)d^P 


312 = 


321 = 


{27Thyk^VT J {qiPx - ^ 1 )^’ 
e^ElpTq2 f fo{P)d^P 

{ 2 TihYk‘^VT J {q 2 Px - ^2)^’ 

3o = 312 + ^ 21 5 

e^EiE2PTqin f MP)d^P 


32 


{2TlhYk\vT^l J {q2Px - ^2){qPx - 
YEiE2PTq2^ f fo{P)d^P 
{ 27 ThYklvT ^2 J {qiPx - ^i){qPx - 
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BnyTpeHHHe HHTerpajibi b njiocKOCTH (Py, P^) bbihhcjihm b nojiapHbix ko- 
opflHHaTax H BOcnojibsyeMCH (]3opMyjiOH (4.6). B pesyjibTaTe npe^biflymne 
paBencTBa cboahtch k oflHOiviepHOMy HHTerpajiy: 

oo 

TTe^E^pxqi /" ln(l + e““^^)(iPa; 

{2TihYk‘^VT J {qiPx - 

— OO 

OO 

Tre^ElpTq 2 f ln{l E e°^~^^)dPx 

{2TThfk‘^VT J {q2Px - ^ 2 )^ 

— OO 

jo = jl 2 + j 21 , 

OO „ 

7Te^EiE2PTqi^ f ln{l E e°'~^^)dPx 

{27ThYklvT^l J {q2Px - ^2){qPx - 

—00 

00 

7Te^EiE2PTq2^ f ln(l + e““^=")(iPa; 

{27rhYklvT^2 J {qiPx - ^i){qPx - 

— OO 

HafifleM HHCJiOByK) njiOTHOCTb KonpeHTpapHio HacTHu, njiasMbi, OTBeHaio- 
myio pacnpeflejieHHK) OepiviH—jjapaxa 


N = / /o(P) 


00 

2d^p Sirp^ f P^dP k^ 


„ /o((a); 


Bfle 


{2'KhY {27Th)^ J 1 + e“ 27r^ 

0 


lo{a) = / ln(l + e“ )dT. 


B BbipaxceHHH nepe^ HHTerpajiaMH Bbi^ejiKM njiasMenHyio (jieHBMiopoB- 
CKyio) HacTOTy 


4:7Te^N 


UJp — 


m 


H HHCJIOByK) njIOTHOCTb (KOHpeHTpapHK)) npHHeM nOCJieflHKDK) BbipaSHM 
Hepes TenjiOBoe bojihobob hhcjio. BojiyHHM 


Tipre qj 


e^Prqj N2 ti" 


{2'KhYk‘^VT STT^k^rPT^oioi) 


eujpUiqjVT 
~~/2J2EP 


eOl 


kn 


kn 


IQTikpvy^lo^a) prkx 167rlo{a) 


— ^l,tr 


167Tlo{a) 
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Sflecb 


LJp fVjJ 

^ krVT mv‘^ 


p 


T 


- GespasMepnasi njiasMeHnasi HacTOTa, ai^tr ~ npoflOJibHO-nonepeHnasi npoBO- 
flHMOCTb, 

eh ^ hujp 2 e cjp 2 eQp 


krPT^kTVT^ Prkr 
Tenepb cocTaBjiaioinHe npoflOJiBHoro TOKa sanncbiBaTCsi b BH^e: 

ji — E^di ij.k\J\^ 


(5.2) 


r^e 


Ji = 


1 


CX) 




167r/o(a) J {qiPx - 

— OC 

j2 = E2(7i^trk2J2, 


(5.3) 


r^e 


J 2 = 


1 


ln(l + e“ 


167r/o(a) J {q2Px - ^ 2 )^ 

— CX) 

jo = ElE20'l^tr{klJl2 + k2J2l), 


(5.4) 


Bfle 


J12 = 


El = 


n 


00 


ln(l + e^-E)dP, 


167r/o(a)f^i J {q2Px - ^2){qPx - ^Y'' 

— 00 

CX „ 

kl r ln(l + e^-P^dPx 

167r/o(a)n2 J {qiPx - ^i){qPx - ^) 


2‘ 


— CX 


B paBencTBax (5.2)-(5.4) BejiHHHHbi Ji, J2, Ji2i J21 ~ SespasiviepHbie hbcth 

njIOTHOCTH npOflOJIBHOrO TOKa. 

TaKHM o6pa30M, npoflojibnai^ nacTb TOKa OKOHKaTejibHO paBna: 


jx — (^l,tr[ElkiJi + £'|/i:2e/2 + EiE2{kiJi2 + /C 2 '^ 2 l)]- 


(5.5) 


Ecjih bbocth nonepeKHbie noji5i 

ptr _ p 


E., 


q?(Ejqj) 
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TO paBOHCTBO (5.5) MO>KHO saBHcaTB B HHBapHaHTOH 4)opMe 


ilon, = + (Ep^k2J2 + E;’-E‘’'(ki Ji2 + k2J2l)]. 


riepeftfleM k paccMOTpeHHio cjiyHasi iviajiBix SHaHenHii bojihoboto HHCJia. 
Ms BBipa>KeHHHH (5.2)-(5.4) BBITOKaOT, HTO npH MajIBIX 3HaHeHH5IX BOJIHOBBIX 
HHceji fljiH njiOTHOCTH npoflOJiBHoro TOKa nojiyHaeivi: 


jx 


^l,tr 

Stt 


ki 


->2 ^2 


^ 1 ^ + ^ 2 ^ + 2^1 ^2 


/Cl + /C 2 

01^12(^1 + ^2)- 


Samemahhe 1. ripH BBiHHCJieHHH HHTerpajioB, Bxofl5iiii,Hx B GospasMop- 
HBie HaCTH njIOTHOCTH npOflOJIBHOrO TOKa, CJieflyOT BOCnOJIBSOBaTBCa hsboct- 
HBiM npaBHjiOM JlaHflay. CorjiacHO npaBHjiy Jlan^ay fljiH HHTorpajiOB Ji h 
J o HMeeivi: 

00 

If ln(l + )dT 

^ 167r/o(a) J {QjT - UjY 

— 00 


1 

167Tlo{a) 


7T 



ln(l + 


+ 

T=njlqj 


+V.p. 


00 



— 00 


ln(l + e“ '^^)dT 

{qjT - 


(5.6) 


Chmboji V.p. nepefl HHTorpajiOM osHanaeT, kto HHTerpaji noHHiviaeTCH b 
CMBICJ ie TJiaBHOrO SHaKOKHSI. 

HtoGbi BOcnojiB30BaTBC5i npaBHjiOM JlaHflay HHTorpajiOB J 12 h J 21 
cjieflyoT pa3Jio>KHTB noflBiHTorpajiBHBie flpoGn na sjieivieHTapHBie. HoTpy^HO 
BBIKHCJIHTB, KTO 


1 

{q2T - Q2){qT - n)2 


ai 


+ 


+ 


Cl 


q2 — T — 0.2 qr — 0 {qr — 0 ) 


r^e 

{qi02-q20iy 
^ 4 gig 2 
^ (^ 1^2 - ^ 2 ^ 1 )^’ 

2 g 

^ 1^2 - ^ 2 ^ 1 ’ 


(5.7) 
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AnajiorHHHO, 


02 


&2 

+-^ + 


C 2 


{qiT — Q.i){qT — q2 — t — Q2 qr — Q {qr — Q) 


(5.7) 


rfle 


02 — 


b 2 = 




{qi^2 - q2^iY' 

Miq2 


C2 = 


{qiVt2 - q2^iY' 

2 q 


qi^2 - q2^i 

Ha ocHOBaHHH npHBefleHHbix pa3Jio>KeHHH HHTerpajibi J 12 h J 21 corjiacHO 
npaBHjiy Jlan^ay bbihhcji5ik)tc5i cjieflyioinHM oSpasoM: 


J12 — 


n 


167 r/o((a)H] 


V.P. 


— CX) 


ln(l + e“ '^^)dT 
{q2T - Q2){qr - 


-ZTTOi ln(l + e“ ^ 2 / 92 ^ _ + e“ + 2z7rc 


H 


J2\ — 


n 


V.P. 


^ ql-\- 

ln(l + 


— CX) 


167r/o((a)Hi 

-z7ro2 ln(l + — i7Tb2 ln(l + + 2i7TC2 


{qiT - Qi){qT - H)2 


^ 1 + 


6 3AKJ1K)HEHME 

HpoBefleM rpa4)HHecKoe HccjieflOBaHne fleftcTBHTejiBHbix h mhhmbix Ha- 
CTeft njioTHOCTeft GespasiviepHbix ''nepeKpecTHbix” tokob J 12 h J 21 . B cjiy^ae 
OflHoro sjieKTpoMarHHTHoro noji5i b pa6oTe [E] 6bijio npoBe^eHO rpa4)HHe- 
CKoe HCCJieflOBaHHe GespasiviepHOH hbcth npoflOJiBHoro Toxa. Hpa stom hc- 
cjieflObajiHCb cocTaBjiHiomHe GespasiviepHbix njioTHOCTeii Toxa BH^a Ji (hjih 
J 2 ). Hpx 3T0M HcnojibsoBajiHCb 4)opMyjibi (5.6). HosTOiviy b HacT05iiii,eH pa- 
6oTe 6yfleM Hccjie^obaTb "nepexpecTHbie" bejiHXHHbi J 12 h J 21 . 

Ha pHC. 1, 2 H 5, 6 npeflCTabjieHO nobeflenHe ''nepexpecTHbix” toxob npx 
3HaxeHH5ix BejiHXHHbi 6e3pa3MepHoro xHMHxecxoro noTenpHajia a = 2, 0, —5 
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B SaBHCHMOCTH OT GeSpaSMepHOBO BOJIHOBOrO HHCJia g'l, npH 3TOM ill = 

1, Q 2 = 0.5, q2 = 0.1. 

Ha pHC. 1 H 2 npeflCTaBjieno noBefleHHe fleftcTBHTejiBHBix HacTefi bjigtho- 
CTeii J12 (pHC. 1) H J21 (pHC. 2) , a Ha pnc. 5 h 6 - mhhmbix. 

Ha pHC. 3 H 4 npeflCTaBHM noBefleHHe fleiicTBHTejiBHBix HacTeii hjiotho- 
CTeii J12 (pHC. 3) h J21 (pnc. 4) npn Hi = 1, ^2 = 0.1 h npn H2 = 0.1, 0.2, 0.3 
B saBHCHMOCTH OT GespasMopHoro BOJiHOBoro HHCJia qi- Ha pnc. 7 h 8 npe^- 
CTaBHM nOBeflCHHe mhhmbix HaCTOH. 

Hs pHCyHKOB 1-4 BHflHO, HTO HJIOTHOCTH ''nepeKpeCTHBIx” TOKOB HMO- 
K)T OflHH MHHHMyM H OflHH MBKCHMyM, HpHHOM C pOCTOM qi 3TH BOJIHHHHBI 
CTpeMHTCH K HyjIIO. C pOCTOM BOJIHHHHBI XHMHHOCKOrO HOTOnpHajia (pHC. 1 
H 2) BOJIHHHHa MaKCHMyMa yBOJIHHHBaeTCH, a MHHHMyMa - yMeHBHiaeTCH. 
C pOCTOM HaCTOTBI KOJieGaHHH BTOpOrO 3JieKTpOMarHHTHOrO HOJIH BOJIHHHHa 
MaKCHMyMa yMCHBrnaCTCH, a BCJIHHHHa MHHHMyMa yBCJIHHHBaeTCH. 

Hs pHC. 5 H 6 BHflHO, HTO MHHMaH HaCTB ” nepCKpeCTHBIx'' TOKOB HMCCT 
peSKO BBipaXCCHHBIH MBKCHMyM, MHHHMyM HCC HaGiHO^aCTCH HpH HCpeXOflC K 
nOJIOHCHTCJIBHBIM SHaHCHHHM XHMHHCCKOTO HOTCHpHajia, T.C. C pOCTOM CTCnC- 
HH BBipOHCflCHHOCTH OJICKTpOHHOrO THSa. HpH 3TOM HCSaBHCHMO OT BCJIHHHHBI 
XHMHHCCKOTO HOTCHpHajia H HpH MajIBIX H HpH GOJIBHIHX SHaHCHHHX BOJIHOBO- 
ro HHCJia qi SHanennH mhhmbix nacTCH hjiothoctch "nepcKpecTHBix'' tokob 
cGjIHHCaiOTCH H B HpCflCJIC (npH > 0 H Q'l ^ Oo) COBHaflaiOT. C pOCTOM XH- 
MHHCCKOrO HOTCHpHajia BCJIHHHHa MaKCHMyMa yBCJIHHHBaCTCH, a MHHHMyMa 
- yMCHBHiaCTCH. 

Hs pHC. 7 H 8 BHflHO, HTO C pOCTOM BOJIHOBOTO HHCJia MHHMBIC HaCTH 
Jl2 HCSaBHCHMO OT HaCTOTBI KOJIcGaHHH BTOpOTO OJICKTpOMaTHHTHOTO HOJIH 
^2 cGjIHHCaiOTCH H HpH g'l —> OO COBHaflaiOT. ^JIH HJIOTHOCTH J 2 I MHHMBIC 
HaCTH BCCX KpHBBIX COBHaflaiOT H HpH MajIBIX H HpH GojIBHIHX SHaHCHHHX 
HCpBOrO BOJIHOBOTO HHCJia. 

OtMCTHM TaKHCC, HTO MHHMBIC HHCTH "HCpCKpCCTHBIx" TOKOB HMCIOT MHK- 
CHMyM npH BCCX SHanCHHHX HaCTOTBI KOJieGaHHH BTOpOrO 3JICKTpOMaTHHTHO- 
TO HOJIH. IlpH yMCHBHICHHH HHCTOTBI KOJIcGaHHH HCpBOBO 3JICKTpOMarHHTHOTO 
HOJIH y MHHMBIX HHCTCH HOHBJIHCTCH MHHHMyM. HpH yMCHBHICHHH HHCTOTBI 
KOJieGaHHH Hi BCJIHHHHa MaKCHMyMa yBCJIHHHBaCTCH, a MHHHMyMa - yMCHB- 
HiaCTCH. 

B HacTOHipcH paGoTC peiHCHa cjieflyioinaH saflana: b njiasMC c npons- 
BOJIBHOH CTenCHBIO BbipOHCflCHHH 3JieKTpOHHOTO TBSa, paCHpOCTpaHHIOTCH flBG 
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SJieKTpOMarHHTHbie BOJIKBI C KOJIJIHHeapHbIMH BOJIHOBbIMH BeKTOpaMH. VpaB- 
HeHHe BjiacoBa pemaeTca ivieTOflOM nocjieflOBaTejiBHbix npH6jiH>KeHHH, chh- 
Ta5i MajibiMH napaivieTpaMH o^Horo nopa^Ka BejiHHHHbi Hanp5i>KeHHOCTeH co- 
OTBeTCTByiomHx sjieKTpHHecKHx nojieii. HcnojibsyeTCsi KBaflpaTHHHoe pas- 
jioxceHHe 4)yHKii,HH pacnpe^ejieHHsi. 

OKasajiocb, hto yneT HejiHHeiiHOCTH sjieKTpoiviarHHTHbix nojieii oSnapy- 
xcHBaeT renepHpoBaHHe sjieKTpHHecKoro Toxa, opToronajibHoro k nanpaa- 
jieHHK) sjieKTpHxecKoro noji5i (T.e. HanpaBjienHio HsaecTHoro KjiaccHxecKO- 
ro nonepexHoro sjieKTpHxecKoro Toxa). Haftflexa BejiHXHxa nonepexHoro h 
npoflOJiBHoro sjiexTpxxecxHx toxob. PaccMOTpen cjiyxax iviajibix SHaxexHH 
BOJiHOBbix xHceji. ripoBefleHO rpacJiHxecxoe HccjieflOBaHxe Tax nasbiBaeivibix 
"nepexpecTHbix" cjiaraeivibix J 12 h J 2 I 5 C0CTaBji5iK)iii,Hx BejiHXHxy njiOTHOCTx 
npoflOJibHoro sjiexTpxxecxoro Toxa. 

B flajibHeiimeM aBTopbi HaiviepeHbi paccMOTpeTb sa^axH o xojie6aHHxx 
njiasMbi H o cxHH-34)4)exTe c HcnojibsoBaxHeM xBa^paTHXHoro no noTen- 
pnajiy pasjioncennn 4)yHXL[,HH pacnpeflejiennn. 
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Fig. 1. Real part of dimensionless density of longitudinal "crossed" current J 12 , 
fli = 1, f22 = 0.5, q 2 = 0.1. Curves 1, 2, 3 correspond to values of dimensionless chemical 

potential a = 2, 0, —5. 



Fig. 2. Real part of dimensionless density of longitudinal "crossed" current J 21 , 
fli = 1,122 = 0.5, g 2 = 0.1. Curves 1, 2, 3 correspond to values of dimensionless chemical 

potential a = 2, 0, —5. 
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Fig. 3. Real part of dimensionless density of longitudinal "crossed" current J 12 , 
= 1,^2 = 0.1. Curves 1,2,3 correspond to values of dimensionless oscillation 
frequency of second electromagnetic field fl 2 = 0.1, 0.2, 0.3. 



Fig. 4. Real part of dimensionless density of longitudinal "crossed" current J 21 , 
111 = l,g 2 = 0.1. Curves 1,2,3 correspond to values of dimensionless oscillation 
frequency of second electromagnetic field fl 2 = 0.1, 0.2, 0.3. 
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Fig. 5. Imaginary part of dimensionless density of longitudinal "crossed" current J 12 , 
fli = 1, f22 = 0.5, q 2 = 0.1. Curves 1, 2, 3 correspond to values of dimensionless chemical 

potential a = 2, 0, —5. 



Fig. 6. Imaginary part of dimensionless density of longitudinal "crossed" current J 21 , 
fli = 1,122 = 0.5, g 2 = 0.1. Curves 1, 2, 3 correspond to values of dimensionless chemical 

potential a = 2, 0, —5. 
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Fig. 7. Imaginary part of dimensionless density of longitudinal "crossed" current J 12 , 
= 1,^2 = 0.1. Curves 1,2,3 correspond to values of dimensionless oscillation 
frequency of second electromagnetic field fl 2 = 0.1, 0.2, 0.3. 



Fig. 8. Imaginary part of dimensionless density of longitudinal "crossed" current J 21 , 
Ill = 1,^2 = 0.1. Curves 1,2,3 correspond to values of dimensionless oscillation 
frequency of second electromagnetic field fl 2 = 0.1, 0.2, 0.3. 


20 












CnHCOK jiHTepaTypbi 

[1] Ginshurg V.L., Gurevich A. V. The nonlinear phenomena in the plasma 
which is in the variable electromagnetic held//Uspekhy Fiz. Nank, 70(2) 
1960; p. 201-246 (in Rnssian). 

[2] Kovrizhkhykh L.M. and Tsytovich V.N. Effects of transverse 

electromagnetic wave decay in a plasma//Soviet physics JETP. 1965. 
V. 20. 978-983. 

[3] Zytovich V.N. Nonlinear effects in plasmas// Uspekhy Fiz. Nank, 90(3) 
1966; p. 435-489 (in Rnssian). 

[4] Zytovich V.N. Nonlinear effects in plasmas. Moscow. Pnbl. Leland. 2014. 
287 p. (in Rnssian). 

[5] Shukla P. K. and Eliasson B. Nonlinear aspects of qnantnm plasma 
physics // Uspekhy Fiz. Nank, 53(1) 2010; [V. 180. No. 1, 55-82 (2010) 
(in Rnssian)]. 

[6] Eliasson B. and Shukla P. K. Dispersion properties of electrostatic 
oscillations in qnantnm plasmas // arXiv:0911.4594vl [physics.plasm- 
ph] 24 Nov 2009, 9 pp. 

[7] Latyshev A. V. and Yushkanov A.A. Transverse Electric Conductivity in 
Collisional Quantum Plasma// Plasma Physics Report, 2012, Vol. 38, 
No. 11, pp. 899-908. 

[8] Dc Andres P., Monreal R., and Elores E. Relaxation-time effects in 
the transverse dielectric function and the electromagnetic properties of 
metallic surfaces and small particles / / Phys. Rev. B. 1986. Vol. 34,^210, 
7365-7366. 

[9] Dressel M. and Griiner G. Electrodynamics of Solids. Optical Properties 
of Electrons in Matter // Cambridge. Univ. Press. 2003. 487 p. 

|10| Gelder van, ff.P.Quantum Corrections in the Theory of the Anomalous 
Skin Effect // Phys. Rev. 1969. Vol. 187. V3. P. 833-842. 

[11] Euchs R. and Kliewer K.L. Surface plasmon in a semi-infinite free- 
electron gas // Phys. Rev. B. 1971. V. 3. ^^7. P. 2270-2278. 


21 


[12] Brodin G., Marklund M., Manfredi G. Quantum Plasma Effects in the 
Classical Regime // Phys. Rev. Letters. 100, (2008). P. 175001-1 - 
175001-4. 

[13] Manfredi G. How to model quantum plasmas// Topics in Kinetic 
Theory (Toronto, Canada, 24-26 March 2004), Fields Inst. Comm. 46, 
eds. T. Passot, C. Sulem, P.L. Sulem (Eds), 2005, 263-287; arXiv: 
quant-ph/0505004. 

|14| Mermin N. D. Lindhard Dielectric Functions in the Relaxation-Time 
Approximation. Phys. Rev. B. 1970. V. 1, No. 5. P. 2362-2363. 

[15] Latyshev A. V. and Yushkanov A. A. Transverse electrical conductivity 
of a quantum collisional plasma in the Mermin approach // Theor. and 
Math. Phys., 175(1): 559-569 (2013). 

[16] Latyshev A. V. and Yushkanov A. A. Longitudinal Dielectric 
Permeability of a Quntum Degenerate Plasma with a Constant Collision 
Frequency// High Temperature, 2014, Vol. 52, NH, pp. 128-128. 

[17] Latyshev A. V. and Yushkanov A. A. Longitudinal electric conductivity 
in a quantum plasma with a variable collision frequency in the framework 
of the Mermin approach// Theor. and Mathem. Physics, 178(1): 131-142 
(2014). 

[18] Latyshev A. V. and Yushkanov A. A. Transverse Permittivity of 
Quantum Collisional Plasma with an Arbitrary Collision Frequency// 
Plasma Physics Reports, 2014, Vol. 40, No. 7, pp. 564-571. 

[19] Latyshev A. V. and Yushkanov A. A. Generation of the longitudinal 
current by the transversal electromagnetic held in classical and quantum 
plasmas//arXiv: 1503.02102 [physics.plasm-ph] 6 Mar 2015, 27 p. 

[20] Latyshev A. V. and Yushkanov A. A. Generation of longitudinal electric 
current by transversal electromagnetic held in Maxwellian plasmas// 
arXiv: 1503.04478 [physics.plasm-ph] 15 Mar 2015, 18 p. 

[21] Latyshev A. V. and Yushkanov A. A. Generation of longitudinal electric 
current by the transversal electromagnetic held in classical and quantum 
plasma// arXiv: 1503.08700vl [physics.plasm-ph] 30 Mar 2015, 26 p. 


22 



